Ternary intermetallic R5Fe6Sn18 (R = Tm, Lu) compounds have been synthesized from the elements by arc melting, annealed at 670 K and characterized by X-ray powder diffraction and energy dispersive X-ray analyses. Performed structure refinements have shown that they crystallize in the cubic Tb5Rh6Sn18 structure type (space group F m-3m, a = 13.55399(4) Å, a = 13.53243(5) Å for Tm and Lu compounds, respectively). Using 57 Fe Mössbauer spectroscopy it has been found that the magnetic state of the Fe atoms in the Tm5Fe6Sn18 and Lu5Fe6Sn18 stannides is paramagnetic. The value of the isomer shifts for Lu5Fe6Sn18 and Tm5Fe6Sn18 is positive relative to pure Fe. The 57 Fe Mössbauer spectra for Lu5Fe6Sn18 and Tm5Fe6Sn18 stannides have shown that the quadrupole splitting for the Fe position (24e) have magnitudes of 0.43 and 0.45 mm/s, respectively. The similarity of these values is consistent with a qualitative crystal structure analysis. The examined Tm5Fe6Sn18 and Lu5Fe6Sn18 compounds have been found to be characterized by metallic-like conductivity and high values of electrical resistivity (672.9 µΩ cm, 623.8 µΩ cm at 300 K for Tm and Lu, respectively).
Introduction
The series of RM x Sn y intermetallics (R = rare earth element, M = Co, Ru, Rh, Os, Ir) is characterized by several types of the crystal structures indicated as phases I, II, III, V, and VII [1] [2] [3] . The RM x Sn y compounds were analyzed in detail and discussed by Skolozdra in Ref. [4] . These compounds are interesting because some of them show superconductivity and magnetic ordering. The main feature of these phases is a mixture of rare earth and tin atoms in one of the crystallographic positions, and the presence of the metallic and covalent bonding. The phase I of stannides with the formula R 6 M 8 Sn 26 has a simple cubic structure (space group P m-3m) with the lattice parameter a = 0.97 nm. In Ref. [5] the authors described the structure of the phase I (Yb 3 Rh 4 Sn 13 -type) as a three-dimensional array of corner-sharing trigonal prisms with Rh atoms in the centers. The phase III according to X-ray data has a cubic structure (space group F -43m, a = 1.37 nm) with the formula Tb 5 Rh 6 Sn 18 [6] . For stannides with the formula SnR 4 M 6 Sn 18 two structure types were found corresponding to phases II and II . The structure of the phase II is tetragonal (space group I4 1 /acd) while the phase II has a cubic structure with the space group F m-3m. X-ray and electron diffraction * corresponding author; e-mail: ishcherba@gmail.com investigations of the TbRh x Sn y and DyOs x Sn y single crystals showed that they can be considered as a disordered microtwinned phase II and these compounds were named as II phases (space group F m-3m) [7] . The structure disordering of the Tb 5 Rh 6 Sn 18 stannide concerned the Tb (2) and Sn (2) sublattices of the formula [Sn(1) 1−x Tb x ]Tb(2) 4 Rh 6 Sn(2) 4 Sn(3) 12 Sn(4) 2 [7] . In the Tb 4 (Tb 0.6 Sn 0.4 )Rh 6 Sn 18 -type a statistical occupation of the 4a sites by terbium and tin atoms was observed [7] . The magnetic and electrical properties of the RM x Sn y stannides were studied for determination of the superconducting behavior [1-3, 8, 9] . The relation between the crystal structure and superconducting properties of the [Sn 1−x Er x ]Er 4 Rh 6 Sn 18 phase was analyzed in Ref. [9] , where the influence of the variation in (Sn, Er) occupation of the [Sn 1−x Er x ]Er 4 sublattice upon low temperature properties was observed. The investigation of the R-Ni-Sn ternary systems in the region of high tin concentrations resulted in the discovery of R 5−x Ni 12 Sn 24+x cubic phases with a GdNi 2.67 Sn 5.44 type structure [10] . The similar occupation of the crystallographic 2a position by a mixture of R and Sn atoms was observed for these phases, and a crystal structure analysis showed slightly different compositions for the representatives of this structure type varied from R 4 Ni 12 Sn 25 (for Dy) to R 5 Ni 12 Sn 48 (for La) [10, 11] .
In this paper the synthesis and the results of crystal structure, 57 Fe Mössbauer spectroscopy, and electrical properties studies of the new Tm 5 Fe 6 Sn 18 and Lu 5 Fe 6 Sn 18 compounds are reported.
Experimental details
Samples with the nominal composition R 15 Fe 20 Sn 65 (R = Tm, and Lu) were prepared using an electric arc furnace by direct arc melting of the constituent elements (overall purity: R -99.9 wt%, Fe -99.99 wt%, Sn -99.999 wt%) in a protective argon atmosphere. The alloys were subsequently annealed at 670 K for 720 h and then cold water quenched. The compositions of the obtained samples were examined by scanning electron microscopy (SEM) using the scanning electron microscope REMMA-102-02. A quantitative electron probe microanalysis (EPMA) of the phases was carried out using an energy-dispersive X-ray analyzer with pure elements as standards (acceleration voltage was 20 kV; K-and L-lines were used).
X-ray powder diffraction (XRPD) data were collected in the transmission mode on a STOE STADI P diffractometer (linear PSD detector, 2θ/ω-scan; Cu K α1 radiation, curved germanium (1 1 1) monochromator). The crystal structures were refined by the Rietveld method [12] with the FullProf.2k program (version 4.80) [13] from the WinPLOTR program package [14] applying a pseudo-Voigt profile function and isotropic approximation for the atomic displacement parameters.
The Mössbauer spectra were recorded in the transmission mode. A WISSEL Mössbauer spectrometer and a source of 57 Co gamma-quanta in a Cr matrix were used for measurements. The equipment was characterized by the line-width of 0.22 mm/s for the gamma-quanta source. The calibration of isomeric shift values was carried out relative to α-Fe at room temperature.
The electrical resistivity was measured on millimeterscale, with well-shaped pieces cut by spark erosion from the polycrystalline samples by the standard two-probe technique in the temperature range 10.5-300 K using a helium cooler with a reserved cycle (Advanced Research Systems, USA). The temperature dependence of the magnetic susceptibility was measured by the Faraday method in the 78-300 K temperature range and under a magnetic field up to 0.8 T.
Results and discussion
The analysis of the positions of diffraction peaks and their intensities of the Tm 15 Fe 20 Sn 65 and Lu 15 Fe 20 Sn 65 samples led to a cubic structure of the Tb 4 (Tb 0.6 Sn 0.4 )Rh 6 Sn 18 -type [7] (the so-called phase II , space group F m-3m). The experimental conditions of the structure refinements and crystallographic [15] ) and phase III (cubic Tb 5 Rh 6 Sn 17 -type, space group F -43m [5] ) according to the classification of Ref. [1] , were tested and rejected. The final atomic and isotropic displacement parameters for both compounds are given in Table II . (7) R1 Tm 4a 0 0 0 1.22 (7) 1 Lu 0.97 (7) R2 Tm 32f 0.3672 (7) 0.3672 (7) 0.3672 (7) 1.07 (5) Fig. 1 .
The analysis of the interatomic distances (Table III) showed that the distances between Fe-Sn2, Fe-Sn1, Sn1-Sn1, and R2-Sn3 atoms are shorter than the sum of the respective atomic radii, which is probably caused by partial occupation of the crystallographic positions for R2, Sn1, and Sn2 atoms and a contribution of the covalence into the bond. The based Tb 5 Rh 6 Sn 18 structure is characterized by analogous shortening of interatomic distances between Rh-Sn and Tb-Sn atoms. In the absence of an external magnetic field there is no magnetic splitting in the spectrum of Lu 5 Fe 6 Sn 18 and Tm 5 Fe 6 Sn 18 , indicating either the absence of a magnetic moment at the Fe site or spin relaxation, and then ν s ν hf . To clarify the situation the sample should be exposed to an external magnetic field H ext .
Here A (%) is the contribution of the respective subprofile to the total absorption profile, and the Mössbauer spectroscopy parameters are: the isomer (total) shift versus α-Fe [IS (mm/s)], quadrupole splitting [QS (mm/s)], absorber line-width [G (mm/s)].
The value of the isomer shift (IS) for Lu 5 Fe 6 Sn 18 and Tm 5 Fe 6 Sn 18 compounds is positive and slightly higher than measured chemical shifts in the studied RFe 6 Sn 6 stannides (R = Tm, Yb, Lu) [17, 18] or other intermetallic compounds containing iron [19, 20] , for example in the Sc-Fe-Si systems, in which no magnetic moment was observed at Fe sites in the ternary compounds [19] . Those compounds have a small positive isomer shift relative to pure Fe. The shift sign indicates that the electronic density at Fe nuclei in those ternary compounds is less than that at the radiating Fe nuclei. It is well known that an increase in the number of d-electrons leads to a decrease in the density of s-electrons at the nucleus and indirectly results in a positive isomer shift. Of course, the importance of the contribution of the density of p-electrons to the value of the isomer shift should be noted, since similar to 3d-electrons, 4p-electrons shield s-electrons from the nucleus and indirectly determine the positive isomer shift. However, the screening effect of 4p-electrons is approximately 1.5 times weaker than the 3d-electron shielding effect. The absence of a local magnetic moment at the Fe atoms is confirmed by the absence of a magnetically split component in the Mössbauer spectrum. The values of the isomer shift and quadrupole splitting parameters indicate the paramagnetic nature of the magnetic interaction.
An extremely important parameter of the Mössbauer spectrum is the quadrupole splitting (QS). It characterizes the interaction of the electric quadrupole moments of the nuclei with internal crystal electric fields. The quadrupole moment of the nucleus θ reflects the degree of deviation of its shape from the spherical one.
As can be seen from the crystal structure cell (Fig. 1 ) the coordination number of the Fe atom is 12, and the coordination polyhedron is a slightly deformed cuboctahedron which is formed by 4Sn1 atoms (2.715 Å) and 8Sn2 atoms (2.593 Å).The 57 Fe Mössbauer spectra for Lu 5 Fe 6 Sn 18 and Tm 5 Fe 6 Sn 18 show that the quadrupole splitting for the Fe position (24e) have magnitudes of 0.43 and 0.45 mm/s, respectively. The similarity of these values is consistent with the above qualitative crystal structure analysis, which revealed that the Fe nearest neighbors are exclusively tin atoms (Fig. 1b) , and the electric field gradient is determined for the most part by the tin atoms that are located at the vertices of the cuboctahedron and have reduced Fe-Sn distances.
Because of a strong covalent interaction between Fe and Sn atoms that surround them the increase in the population of d-states is due to the valence Sn electrons, and the number of Fe s-electrons is almost unchanged.
The measurements of the magnetic susceptibility of the Lu 5 Fe 6 Sn 18 compound confirmed its paramagnetic state. Studied compound is characterized by small values of the magnetic susceptibility with values χ = 25.42× 10 −6 cm 3 /g at 78 K and χ = 21.91 × 10 −6 cm 3 /g at 300 K. The analysis of the temperature dependence of the inverse magnetic susceptibility indicated that χ −1 (T ) behavior does not correspond to a modified Curie-Weiss law.
The examined Tm 5 Fe 6 Sn 18 and Lu 5 Fe 6 Sn 18 compounds are characterized by metallic-like conductivity in the temperature range from 10.5 K to 300 K and a large deviation from linearity of the temperature dependence of resistivity at high temperatures ( Fig. 4) . At low temperatures under cooling the resistivity predictably tends to a constant value (residual resistivity). As evident from Fig. 4 , change of the resistivity caused by magnetic ordering was not observed on the ρ(T ) dependence for the Tm 5 Fe 6 Sn 18 compound up to 11 K. The temperature dependence parameters are presented in Table V . The absolute values of the resistivity of the Tm 5 Fe 6 Sn 18 and Lu 5 Fe 6 Sn 18 stannides are much higher (672.9 µΩ cm, 623.8 µΩ cm at 300 K for Tm and Lu, respectively) than for the most intermetallics (Table V) . As reported in the literature [1] [2] [3] [4] most of the RM x Sn y phases have a high resistivity values and authors concluded that one of the causes of high resistivity values is the presence of a significant ion-covalent contribution to the bonding. The observed character of the temperature dependence of electrical resistivity was discovered for the first time in actinides and was classified as anomalous [21, 22] . Then such the character of the temperature dependence of electrical resistivity was observed in many intermetallic compounds, such as YCo 2 , Y 4 Co 3 , Y 6 (Fe,Mn) 23 , Er 6 (Fe,Mn) 23 [23] and also for related series of the R 5−x Ni 12 Sn 24+x cubic phases with GdNi 2.67 Sn 5.44 type structure [10] . One of the conditions for this type of the temperature dependence is the presence of a transition element in the compound, particularly a 3d-element.
Resistivity of a real sample can be written (taking into account the Matthissen rule) as
where ρ 0 is the residual resistance, ρ ph (T ) is the resistivity caused by the electron-phonon interaction, and ρ mag (T ) is an additional component that contains various contributions from different physical mechanisms, such as Mott-type interband scattering, magnetic scattering (including scattering caused by the spin disordering in the presence of disordered magnetic moments) and other possible scattering mechanisms.
As noted above, the temperature dependences of the electrical resistivity of both Tm 5 Fe 6 Sn 18 and Lu 5 Fe 6 Sn 18 deviate from linearity. At high temperatures the observed decrease of the growth rate of resistivity cannot be correctly approximated by the Bloch-Grüneisen-Mott formula [24] within the studied temperature range. The Bloch-Grüneisen-Mott formula, which takes into account the Mott-type type interband scattering, describes experimental curves well in the case of slight nonlinearity. The greater deviation from the linearity narrows the temperature range within which the approximation is applicable. An approximation in a limited range loses the physical meaning to some extent if the approximation is based on an expression with the physical meaning behind it, as in the case of the Bloch-Grüneisen-Mott formula. Nevertheless (taking into account above remarks), we present the mentioned approximation for Lu 5 Fe 6 Sn 18 in Fig. 5 and provide some of its parameters. Since the approximation by the Bloch-Grüneisen-Mott formula is impossible within the whole temperature range we can conclude that in our case the contribution of the transition metal to the total resistivity is not limited to the contribution to the residual resistivity, phonon component of scattering and Mott's contribution, and C mag (T ) has more constituents and determines complex nature of the temperature dependence of the resistivity of Lu 5 Fe 6 Sn 18 .
In general, the character of the temperature dependences of the electrical resistivity of intermetallic compounds of such type depends on the constituents of a compound (whether it contains a magnetic or nonmagnetic rare-earth element, a magnetic or nonmagnetic transition element), magnetic ordering, and crystal structure. The d-and f -shells are influenced strongly by the interaction of surrounding ions, which can radically change the magnetic state of the ions.
In addition, the mentioned factors determine a relatively large absolute value of the resistivity of the Lu 5 Fe 6 Sn 18 compound. As for the tendency of the growth rate of resistivity to decrease in the region of "high" temperatures with a temperature increase, one can recall the rule of Mooijh [25] , who suggested that if the average free path of conduction electrons decreases to the value of interatomic distances, then the resistivity shows a tendency to become temperature-independent.
Conclusion
In our work, crystal structure study of the new Tm 5 Fe 6 Sn 18 and Lu 5 Fe 6 Sn 18 stannides showed that both compounds crystallize in the cubic Tb 5 Rh 6 Sn 18 structure type (space group F m-3m) and enlarge the series of RM x Sn y intermetallics. The full occupancy of the 4a position by Tm and Lu atoms was established which corresponds to formula R 5 Fe 6 Sn 18 . Comparison of the shortening of interatomic distances between Fe-Sn and R-Sn atoms with Tb 4 (Tb 0.6 Sn 0.4 )Rh 6 Sn 18 parent type was made.
The magnetic state of the Fe ion in Lu 5 Fe 6 Sn 18 and Tm 5 Fe 6 Sn 18 has been examined by 57 Fe Mössbauer spectroscopy and it has been found to be paramagnetic. The values of the isomer shift for Lu 5 Fe 6 Sn 18 and Tb 5 Fe 6 Sn 18 have been found to be positive. The shift sign indicates that the electronic density at Fe nuclei in these compounds is less than that at the radiating nuclei of pure Fe. The 57 Fe Mössbauer spectra for Lu 5 Fe 6 Sn 18 and Tm 5 Fe 6 Sn 18 showed that the quadrupole splitting for the Fe position (24e) have a value of 0.43-0.45 mm/s. The similarity of these values is consistent with a qualitative crystal structure analysis, which revealed that the Fe nearest neighbors are exclusively tin atoms, and the electric field gradient is determined for the most part by the tin atoms that are located at the vertices of the Fe coordination cuboctahedron and have reduced Fe-Sn distances. From both diffraction and Mössbauer data, the crystallographic data indicates the presence only one Fe site (24e) in the structure of the Tm 5 Fe 6 Sn 18 and Lu 5 Fe 6 Sn 18 compounds. Electrical property measurements showed that the Tm 5 Fe 6 Sn 18 and Lu 5 Fe 6 Sn 18 compounds are characterized by metallic-like type of conductivity with high resistivity values similarly to the most related RM x Sn y phases.
